The combination of DNA barcodes and geometric morphometrics is useful to discriminate taxonomically controversial species, providing more precise estimates of biodiversity. Therefore, our goal was to assess the genetic and morphometric diversity in Nematocharax, a controversial monotypic and sexually dimorphic genus of Neotropical fish, based on sequencing of cytochrome c oxidase subunit I (COI) and morphometric analyses in seven populations of N.
Introduction
Besides taxonomic implications, the recognition of species or evolutionary units is critical for ecology, biogeography, and conservation of biodiversity (Sites and Marshall 2004; Casciotta et al. 2013 ). However, discriminating species based only on morphological features is particularly difficult for some groups, such as Neotropical fish because of their richness (Lévêque et al. 2008) , remarkable phenotypic plasticity (Wimberger 1992) , and high number of cryptic species (Piggott et al. 2011) . To solve such taxonomic uncertainties, different data should be analyzed simultaneously, in order to infer species boundaries through the complementarity among disciplines (Schlick-Steiner 2010; Yeates et al. 2011 ). This approach, termed "integrative taxonomy", has expanded over recent years, being particularly useful for conservation plans (Dayrat 2005) , whose success requires a deeper knowledge of biodiversity (Mace 2004).
For instance, molecular markers and geometric morphometrics have been effective in identifying species and evolutionary units in Characidae (Ornelas-García et al. 2014; Gomes et al. 2015) , one of the largest and most complex freshwater fish families (Nelson 2006) . In this family, the genus Nematocharax stands out as a putative monotypic taxon, composed only of D r a f t
Recently, another species, N. costai, was described for this genus based on morphological studies in specimens from the Gongogi River sub-basin (Lower Contas River basin), Bahia, northeastern Brazil (Bragança et al. 2013 ). This species was recognized by the number of maxillary teeth in males, lack of hooks and spinules on dorsal and pelvic fins, reduced number of anal fin rays with spinules, presence of a long horizontal dark pink mark on caudal peduncle, number of supraneurals, and yellowish pelvic fins (Bragança et al. 2013 ). However, Menezes et al. (2015) reported no meristic, morphometric, osteological, or colouration differences to support the recognition of two Nematocharax species, so that N. costai must be considered junior synonym of N. venustus. Nonetheless, these authors observed intraspecific variation of secondary sexual traits among geographically isolated populations of N. venustus.
Considering the lack of genetic information about the genus Nematocharax and its controversial taxonomy, we carried out DNA barcoding analyses based on COI sequences and geometric morphometrics in seven populations of N. venustus to establish their interpopulation differentiation and verify the actual species diversity of this freshwater fish genus.
Materials and methods

Sampling
A total of 212 specimens of N. venustus was collected in seven locations of the Contas (Gongogi 1, 2 and 3, and Upper Contas), Almada (Almada), and Jequitinhonha (Jequitinhonha 1
and 2) River basins ( Fig. 1, Table 1 ), including the northern and southern range of this species.
The license for collection of ichthyological material was granted by Instituto Chico Mendes de Conservação da Biodiversidade (ICMBio; license number SISBIO 39728-1). All individuals D r a f t were euthanized by immersion in iced water at 0-2ºC up to complete cessation of opercular movements, as described for tropical fishes (Blessing et al. 2010) , and then photographed.
Additionally, for each individual, a small fragment of muscle tissue (approximately 0.5 cm²) was removed and preserved in 96% ethanol at -20°C. The remaining whole bodies of the organisms were fixed in 10% formaldehyde.
For morphometric analysis, 198 specimens (juveniles and adults) were considered, since some of them were improper (slightly deformed) for morphological comparisons after fixation.
In turn, 91 specimens (including both males and females in approximately equal proportion)
were randomly chosen for barcode analysis, considering a minimum number of eight specimens per locality. The voucher specimens were deposited in the Zoology Museum at Universidade
Federal da Bahia (MZUFBA), Brazil (UFBA 7953, 7954, 8016, 8017, 8018, 8019, and 8020) .
Molecular analyses
DNA isolation, PCR and sequencing
Total DNA was extracted from muscle tissue of each specimen using Wizard Genomic The PCR products were stained with bromophenol blue and Gel Red TM (Biotium, USA) at a ratio of 3:1 and then visualized in 1% agarose gel after electrophoresis. The amplified products were purified in 20% polyethylene glycol (PEG) and washed in 80% ethanol. The sequencing reactions were performed bidirectionally using the BigDyeTerminator v3.1 Cycle Sequencing
Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA). After precipitation in 125 mM EDTA, 100% and 70% ethanol, respectively, the sequences were read in an automatic sequencer ABI 3500 XL Genetic Analyser (Applied Biosystems, Foster City, CA, USA).
Sequence analysis
First, the quality of individual sequences of each specimen (forward and reverse) was visualized using the BioEdit Sequence Alignment Editor 7.1.9 (Hall 1999). Then, the sequences were validated in MEGA 6 (Tamura et al. 2013) ("ProcessID" access numbers: PIABA001-14 to . This procedure allowed examination of how the sequences were clustered into Barcode Index Numbers (BINs), as automatically provided by BOLD Systems after uploading the barcode sequences (see Ratnasingham and Hebert 2013) . The BIN System indicates distinct operational taxonomic units (OTUs) that closely correspond to species by using the RESL (Refined Single Linkage)
algorithm.
The number of variable sites and the nucleotide composition were obtained using the software MEGA 6, along with the NJ tree and the average pairwise distances (within and between collection sites, and within and between BINs), based on the Kimura-2-parameter (K2P) model (Kimura 1980) and complete deletion of missing data with 1,000 bootstrap replicates (Felsenstein 1985) . Haplotype (h) and nucleotide (π) diversities were calculated for samples per collection site using the DNA Sequence Polymorphism 5.10 (Rozas et al. 2010 were selected based on their phylogenetic proximity (Thomaz et al. 2010; Oliveira et al. 2011 ), morphological similarity (Weitzman et al. 1986) , and closest matching sequences of other characin species in the database.
Species delimitation methods
In addition to the BIN analysis, two approaches recognized for their robustness and accuracy were applied to molecular data to delimit independently evolving units (i.e., potential species): the General Mixed Yule Coalescent (GMYC) (Fujisawa and Barraclough 2013) and the Bayesian implementation of the PTP (bPTP) models (Zhang et al. 2013 
Morphometric analyses
The images for geometric morphometrics were taken from the left side of each specimen using a digital camera Nikon P510 (16.1 megapixels), with a metric scale. Then, the images were converted from the JPEG extension to the TPS format using tpsUtil 1.46 (Rohlf 2010a ) to perform the measurements. From the images, 10 landmarks, located in distinctive points of tissue juxtaposition, and six semi-landmarks, were inserted ( Fig. 2 ) with using tpsDig2 2.16 (Rohlf 2010b ). Afterwards, the points were aligned by Procrustes superimposition in MorphoJ version 2.0 (Klingenberg 2011). This method compares the landmark configurations by aligning the corresponding points inasmuch as the possible effects of rotation, translation, and scaling are removed, thereby extracting only information about body shape (Rohlf and Slice 1990) .
To analyze the differences in body shape among populations, a Principal Component Analysis (PCA) using the coordinates resulting from the Procrustes superimposition was performed. Since the body shape of males is highly variable depending on their ontogenetic D r a f t development and reproductive season (Menezes et al. 2015) , the PCA included two datasets: (1) males+females and (2) only females. Thus, any bias was minimized by separating females from males in the quantification of intrapopulation shape variation by morphometric analyses.
As commonly used in geometric morphometrics, the generalized size of each individual was estimated using the centroid size, calculated by the square root of the summed squared distances between all landmarks and their centroid (i.e., the average landmark position) (Mitteroecker et al. 2013 ). The Analysis of Variance (ANOVA) was performed to verify whether the differences in body size among populations were significant or not, and the means were compared using the Tukey's test at 1%. In addition, a Regression Analysis (body size vs. PCA axis 1) was performed to evaluate the relationship between size and shape of individuals.
To ascertain the shape similarities among N. venustus females, Cluster Analysis using the Unweighted Pair-Group Method using Arithmetic Average (UPGMA) method with 10,000 permutations was performed in PAST 2.17c (Hammer et al. 2001 ). The cophenetic correlation was calculated to test the confidence of clusters. For those specimens with both molecular and morphometric data (n=73), a Multivariate Analysis of Variance (MANOVA) was performed to verify how the molecular groupings (BINs) segregate out by the body shape.
Results
DNA barcodes
COI sequences ( venustus. These additional sequences were selected based on their integrity (few undetermined nucleotides) and comparable length (bp) to those obtained in the present study. Thus, the total alignment comprised 101 sequences with 202 variable sites, no stop codons, and an average content of adenine (A), thymine (T), guanine (G), and cytosine (C) of 25.6%, 32.5%, 17.2%, and 24.7%, respectively.
The average pairwise intrapopulation divergence ranged from 0 to 2.2% (Table 2) , with the highest mean value found in the population named as Gongogi 3 (2.2%, 12 individuals), whose the maximum pairwise divergence was 4.2%. The average pairwise interspecific divergence ranged from 0 to 21.6% (Table 3) , and the highest value was found between specimens of N. venustus from Una River basin and Rachoviscus crassiceps. The average pairwise interpopulation divergence among N. venustus samples, in turn, ranged from 0 to 7.5%, with the highest value observed between samples from the Upper Contas sub-basin and the Almada River basin.
To construct the haplotype network ( Fig. 3) , only the COI sequences from the present study (n=91) were used, resulting in 16 haplotypes. The number of haplotypes and the haplotype (h) and nucleotide (π) diversity values for each population are presented in Table 4 . The highest haplotype diversity was found in Gongogi 2 (six haplotypes and seven polymorphic sites), while the highest nucleotide diversity was observed in Gongogi 3 (four haplotypes and 27 polymorphic sites).
The NJ tree ( specimens from Upper Contas (BOLD:ACR4542). These same five potential species or independently evolving units were delimited by the GMYC and bPTP models ( Fig. 4 ; see supplementary data, Table S1 and Fig. S1 ), although GMYC showed a non-significant p value at 5% level (p = 0.07).
The average pairwise divergence within BINs ranged from 0 to 0.4% (Table 5) , with the highest mean value in BOLD:ACR3998 (n=21) and maximum pairwise divergence equal to 0.9%. The average pairwise divergence between BINs ranged from 2.9% (between BOLD:ACR4000 and BOLD:ACC0787) to 7.5% (between BOLD:ACR4000 and BOLD:ACR4542) (Table 6 ).
Geometric morphometrics
The PCA indicated differences in body shape among the analyzed populations of N.
venustus, considering both males and females, while the first two principal components explained 62.3% of the total variation. It was observed that the population from Upper Contas River ( Fig. 5A ) was clearly separated from the others, regardless of sex differences. The deformation grids show that most of the morphometric differentiation between the population from the Upper Contas River and the others is associated with head length and body height ( Fig. 5B-E). The ANOVA applied to the centroid size was significant (p<0.01), and the Tukey's test revealed significant differences (p<0.01) among mean values as well (Fig. 6) . Thus, according to the variation of the centroid size, the population from Upper Contas River was composed of significantly smaller individuals than the others.
D r a f t
The PCA applied to the population of females from Gongogi, Almada, and Jequitinhonha Rivers (Fig. 7A ) demonstrated a greater morphological proximity between both populations from the Jequitinhonha River basin, while the populations from Gongogi and Almada had individuals scattered along both axes. In this case, the first four components were required to explain 67% of the total variation. Most of variation in females was related to body height, head height, head length, and eye diameter ( Fig. 7B-E) . Regression analysis revealed that the body shape of females varies with the size of the individuals (p<0.001). Accordingly, the analysis of the centroid size using ANOVA was significant (p<0.01) inasmuch as individuals sampled in Jequitinhonha 1 were bigger than those from Gongogi 2, with significantly different mean values (Fig. 8 ).
The UPGMA dendrogram based on morphometric differences (Fig. 9) , with a reliability of 99-100% in bootstrap and 96% of cophenetic correlation, showed three groups: one comprised the populations from the Jequitinhonha River basin and another with the three populations from the Gongogi and Almada Rivers, while the population from Upper Contas remained isolated from all others. The MANOVA (Fig. 10 ) was statistically significant (Wilk's lambda = 0.05, p<0.01), indicating that differences in body shape are also observed when comparing individuals belonging to different BINs. In this analysis, three BINs were discriminated with a reliability of 95% (ellipses), again showing the highest divergence of the Upper Contas BIN (BOLD:ACR4542). However, overlapped body shapes were observed among some lineages (BOLD:ACR3998, BOLD:ACR3999, and BOLD:ACR4000).
Discussion
D r a f t
The integration of COI sequences and geometric morphometrics were informative to assess the diversity in N. venustus, for which more than one evolutionary unit was verified. It is noteworthy that the results of the interpopulation genetic distances of Nematocharax samples were higher than the 2% divergence value commonly used to discriminate fish species (Hubert et al. 2008; Ward et al. 2009; Carvalho et al. 2011; Pereira et al. 2013 ).
The five clusters were consistently observed by NJ, BINs, GMYC, and bPTP analyses.
Although these methods are based on distinct models, a growing number of studies confirm their reliability to infer putative species boundaries (Costa-Silva et al. 2015; Henriques et al. 2015; Lin et al. 2015) , with particular efficiency for the new algorithm implemented in the BIN System (RESL). Ratnasingham and Hebert (2013) obtained a higher taxonomic performance in several groups, including fish, by using RESL than well-established algorithms (ABGD, CROP, and jMOTU). Moreover, these authors showed that the RESL approach was similar to GMYC, which currently stands out as one of the most robust and theoretically defensible methods. This last one, as well as bPTP, are tree-based methods used to discriminate species or independently evolving units, based on likelihood and Bayesian inference, respectively (Fujita et al. 2012) . Thus, the convergent result of these analyses greatly reinforces the hypothesis of new candidate species, indicating that there might be at least five independently evolving species (or OTUs) within
Nematocharax. In addition, considering that this study encompassed four out of six basins where the genus is known to occur, it is possible that other lineages are yet to be found.
Although the GMYC has provided the same well-supported pattern of species delimitation when compared to the other approaches, the result showed marginally nonsignificant p values (p = 0.07), which may be due to an insufficient divergence time among the lineages. Therefore, further studies using additional genetic markers may be needed before D r a f t describing new species, particularly for those lineages not readily distinguishable by morphology.
The morphometric analysis also showed that body shape usually segregates along with genetic lineages. However, especially for the BIN with the lowest bootstrap value (97%) in the NJ tree (BOLD:ACR3998), the morphometric traits overlap with individuals from other BINs (Fig. 10) . This result might be related to the highest average pairwise divergence within this BIN, which might be reflected in the body shape variation. of N. costai) and all individuals from Gongogi 2 formed a distinct cluster with bootstrap value of 97%. Thus, marked genetic differences were detected within the population named as Gongogi 3 (four haplotypes), indicating the presence of highly divergent lineages. This result also demonstrates the importance of a broader sampling of specimens to portray the actual diversity of COI sequences in a taxon besides being restricted to five specimens as often used in DNA barcoding ).
In fact, the ichthyofauna of the Gongogi River sub-basin seems to be differentiated from other tributaries in the Contas River basin since new species have been reported for this subbasin (e.g., Vari et al. 2010) . Again, just like the rivers from the Diamantina Plateau, Gongogi
River represents a priority area for the conservation of Brazilian aquatic biota in spite of its high degree of environmental degradation. Moreover, the identification of distinct evolutionary units, including sympatric and syntopic forms, within a group traditionally regarded as monotypic such as Nematocharax is surprising. Yet, some biological features of this genus can provide insights to its rapid evolutionary divergence.
Accordingly to the simulation provided by Turner and Burrows (1995) , speciation can be readily established in sympatric conditions when sexual selection is involved. In this model, the reversal of the preference of a female over a single male trait can lead to full reproductive isolation and speciation in a small population over a short period of time. Since sexual dimorphism is conspicuous in the studied species (e.g., elongated fins and attractive colouration of males), as typically observed in species under sexual selection (Andersson 1994), the same process could be inferred to explain the differentiation of Nematocharax. Alternatively, it is also possible that some divergence can occur in allopatry, followed by dispersal and cohabitation again in sympatry, which might be occurring in Gongogi 3, a contact zone between distinct evolutionary units found in this study. Although most of these species seem to have evolved in allopatry, some sympatric species are also described. Since poecilids are strongly marked by differences in external anatomy of both sexes and females show a clear preference for some traits in males such as size of genitalia A relationship between morphometric and geographic distance was observed only for the populations from Almada and Gongogi Rivers. However, the population from Almada River formed an isolated cluster with 99% bootstrap in the NJ tree. The same result was observed in the population from the Una River basin (100% of bootstrap) (Fig. 4) . Therefore, DNA D r a f t barcoding has likely pinpointed evolutionary units even when external morphological differences were absent or subtle. On the other hand, the differences in the body shape of females (Fig. 9) are not necessarily related to genetic differences, since phenotypic plasticity is widely recognized in fish, being dependent on environmental conditions and different selective pressures (Klingenberg et al. 2003; Clabaut et al. 2007; Arechavala-Lopez et al. 2011 ).
In summary, both DNA barcode and geometric morphometric data supported the presence of evolutionarily significant units in Nematocharax. This conclusion highlights the 
